Evidence for multiple interacting binding sites in bovine tryptase  by Fiorucci, Laura et al.
E-98ZOO(S6)E6LS-PI00 IC7S’S 
.pahlasal s~q2!.1 11~ 
‘wm!~os pw=vo!a uvado.q 30 Uowlapw 5661 o OS’~$~S~~E~LS-P~~~ 
.pazKIew pue pawqn3u! alam aurKzua ou ~J!M saJnlx!ur 
[w!tuapI ‘v~.L ~1.0 u! lua!pels a~!~~!uo~a~v/~a~ew B TJI!M paurlo3lad 
sw~ uognl~ fuogellua3uo3 (Guy 801) p!3v 3ga3v ~J!M Kl!ng3r! aurKz 
-ua ayl 8u!y3o[q lal3v ‘VJL ~1’0 u! pal-elqg!nba-ald uuuqoa 37dH 
-dx uo papeol alam sawxrur uop~a~ ayl30 lrf OOZ ‘u!ur 09 pue 0~ 
‘0 = 2 1v ‘&,OE II! ‘0’8 Hd ‘[~H-~!.IL IAJ 1’0 30 [CLI 9’0 u! palsqnw! aJaM 
(IOILIU 0~ ‘E ‘~-1.0) ILdg pue (sa$!s a.gw Ioutd 09) aseldK.n au!Aoa 
‘Z6ZLZPOZ (9) (6E) :xetI ‘JoWU~ +pUodS=w, 
‘aAoqa se pawlo3lad aJam 
K$!A!w p2np!sal amKzua ayl 30 luauralnseaw pur! au!p!urezuaq ~J!M 
uopeqtwq TI!~U 0~ ‘03 ~,OE le paieqn3uyald ‘(Q!A!~DE awtzua ayl30 
3[vy 8U!l!q!qU! Uo!lewIa3uo3 e ‘NU 001) Ild8 put? (KU S) asv$dKJt %I! 
-u!WIo3 ‘0’8 Hd ‘[3H-S!JI 30 [tu Z 01 pappe alaM au!p!uu?zuaq 30 suog 
-e.waDuoD %!ssalw! atuvs aql ‘sluaurpadxa 30 las laylour! UI .aAoqe 
paq!l3sap sB palnseaur SEM K~g3e 3!leruKzua Ivnp!sal aqL w!w S 
103 &,OE le pau!elu!euI pw ‘0’8 Hd ‘I~H-S!JL 30 1u1 Z u! pax!ur aJaM 
(vur%!s) au!p!urezuaq 30 suogvJluaDuo3 4u!sea.c2u! pue (uoyel$uawo3 
[vuy sal!s aA!Dl? mu S) ase$dK.rl ‘au!p!urt?zuaq ~J!M sluaurpadxa ayl III 
‘lol!q!yu! ou 2iu!u!v~uo3 aJnlx!ur uogeqnsu! awdzua 
pX!luap! ue qI!M uos!leduro3 q aAoqe paqp%ap SB palnseaur SBM KJ! 
\ 
-Apse lenp!sal ayl pue ‘pappR a M v3~-81V-las-aqd-308 NW S.130 
Id OZ uaW ‘u!‘=’ OE Jo3 3.OE $1, p~!WFu puv ‘0’8 Hd ‘13H-s!J.L FV 
1’0 30 (CII Z u! paxFur alaM (LaKEa ‘[01Ksm~) IL&j 30 suo!ivJ$ua3uo3 %I! 
-sealw! pur! (uogwuasuoa leuy sa]!s aA!lcta mu S) asBldKll payFInd 
sXussn SulpuIg ‘f’Z 
palol!uour sefi uIu 09p le uo!ss!ura aqi pue uru OLE le pal!zxa SEM ale.Ils 
-qns aq] u10.13 pasea[aJ v3~ 30 azuaDsa.tony aq1 .ap!xo3[nsIKqlaunp 
u! pavss!p @u$s) mm-8w-las-aqd-308 tqru S’I 30 (~ri 00~ 01 
Z ~11013) slonbgv lua.Ia33!p %I!u!~]uo~ ‘0’8 Hd ‘~~H-s!IJ m 1’0 30 [III Z 
01 pappe SBM (Uo!$EwaXIo3 [t?uy sal!s aa!lX? JAJU S) uogn[os auIKzua 
30 [ti S -“ap[oq allaan palwounaql e q&ht padd!nba lawu!Jongol] 
-Dads SZ N~S UO.IIUO~ e u! paKwse WM KI!A!JX asEldi(ll au!Aoa 
Jo] paq!.tjsap KlsnoIaald sv 
3geaIDued au!Aoq pur? aseldkl au!Aoq pun03 dpua3al amy 
am ‘lanoalom j9 1 ‘s] ugelsdKl1 se 01 palIaJar_lol!qyur asr?alold 
adAl-zl!unx snoua~opua ue yl!~ paypnd-o:, SCM s[Ia3 ~SIXIJ 
Iuauol!Iad IBJ u10.13 aseiddq ‘[*I] sJo1!qyy u!aloJd u!sdK.Il 
pm!ssep ~I!M saxaldwoa u1.103 IOU op saseldhl Sop pm uewnq 
apqm ‘leyl uoym~asqo ayl Kq paurryuo~ laqlm3 s! samnos am 
-S!J pur? pm~!u~ lua.taJJ!p uro.13 paurelqo saseldKll30 sapIadoJd 
Iwoyun3 pur! p2mlmqs ayl.103 a3ur?!.m a%[ E 30 a3ua.m330 
ayL ‘[s 1‘91 ue3K~Sou~u1eso3K~~ s!ql Kq pal3a33e Kl@!p KIUO s! 
aseidK-Il ayhoq pm le.130 AJ!A!J% cyswdzua aql ‘[PI ‘~1 ymdaq 
Aq paz!yqels am ‘(IXUO~K~O~S~UI Bop u10.13 se [IaM se) sacmos 
umuny ~0.13 payy-td saseldllll aI!qM ‘alourJaql.md .[L] slauto 
-UOUI ayl30 samlea aDe3ms awes uaamlaq suogcmalur grqoqd 
-o~pKy mymad 01 anp KIqvqo-‘d ‘sl!unqns 30 laqumu ;at& E 
30 KIqtuasse xaIdtuo3 e s~oys aurKzua au!Aoq aql aI!qM ‘[9-r] 
slfunqns leyuap! mo3 30 dn apmu amlcmls yaumlal I? arleq 
aselddll JEJ pue Bop ‘ueumH ‘[E I] sasealo.Id aupas 30 peg 3gK1 
-elm pmsn ayl l!qFyxa pm Iecyuap! O~OL- a.w saruKzua asay 
suo$al %upo3 ayl leyl %I!MO~S ‘[zr] samldK11 asnotu 0~1 pue 
[I I] ast?ldKll Zap auo ‘[or-g] saseldKq ueumy mo3 30 samanbas 
Poe oywe aql paIlaae.mn wy BuFmanbas pm %I!UOID VNa 
‘[L-I] slla3 lsetu au!aoq pm 1e.1 ‘Sop ‘ueumy ~0~3 paz!~apwey3 
pue paleIos! uaaq amy sawllzua .IBI!LLI!S .sllaD lsmu 30 salnumfl 
ayl u! pun03 sasr?u!alo.td aurlas ayg-u!sd& am saseldK1L 
dJQ[&] %I!Sn uo!le~J!l al!s aAg3E Kq pau!m.Ialap SBM aurKzua a&X? aq$ 
30 uo!]e.wa3uo3 aqL ‘[S I] u! pallodal SE lualuoa u!a)o.Id lelo~ 30 %06- 
aq oi pa)eurysa SEM ‘suo!leledald aurKzua aq] 30 lua]uo3 aseldKl$ aqL 
‘[L] u! paq!l3sap SE alnsdez Jan!1 ~11013 pay!Jnd SVM ase$dKi$ au!Aoa 
Kl~y]e.tadoo=) fau!p+?zuaa tILd8 :aseldKIL xpro~ dq 
XIILzua aql30 ws!ueyXmJ 
3pL[eleD ay, uo sl? [[aM se %.‘pu!q awlsqns ay1 uo uo$x?Ja~u! 
s!yJ JO IXJJJ~ Iwo!punJ ayl SF ley~ JO pw ~cre~alu! (salIs palr?IaJ 
i([ay![ ayl pw) squnqns ay$ MOM 30 ‘salIs ~!]Kpi?~e~ aldglnw 
30 a3uaI.nw3o ayl 30 uogsanb aql sas!w aseldhl au!Aoq u! 
sl!unqns aIdgntu 30 aDuals!xa aql ‘1x3 UI ms!uey3aw uo!leln 
-pots oh!h u! UB @apun @!LII q3!q~ ‘uogcwalu! sgl30 a3ue3 
-yy8!s p@oIo!siCyd a1qgqoJd aq] 30 asneDaq @OLII ‘ILd8 
pue aseldi(q au!,toq uaarnlaq rus!uEq3aur uop3eIalu! ayl Iyap 
ladaap I! 01 al&gsaAu! 01 sn paldruold uogtwasqo JSRI ayJ 
‘[s I] lue~suo~ uoge!aoss!p xaIduro3 awiCzu&ILd8 
aql 103 pamseatu SBM wu 9’s 30 atqm ‘x I! pue ‘sIla3 lseur 
alnsdw IaAq au!izoq 30 salnuw8 awes aql u! .tol!q!qu! u!sdKIl 
-3as aqy @norq~ pa+gmsua~+ s! qxq,u +!un pmogmn3 aq* 30 saUs 
aq) Buoum beldlapq lauo!pun3 xaldmoa a 30 amayxa aq+ alaa 
-!pu! samJaa3 qms *au!ppuazuaq ayy Qogq!qu! gaq*uhs ~pnus a 
103 osla sal!s Supmq aq) %uoure papalap aq ua3 uo!paJa]u! ~euo!~ 
-3un3 angsod a QLda 30 amasald aq$ u! ~aJomJaq&m~ ‘ILd8 
30 %wptuq aql II! paAJasqo uaaq aaaq sayadold snoaua%ola+aq 
seaJaqM ‘(sa*aqsqns pua) sJo*!q!qu! ~pms 103 mo!mqaq %u!pu!q 
alduqs a hqds!p sa~!s uo+wa$u! asaqi *louq!qu! s!ql ~03 salts 
8u!pu!q mo3 (IsaaI $a) 30 pau1.103 s! asa$diq au!noq 30 gun pu~o!) 
-Bun3 aq$ Jay1 paIIaAalun seq s!sipma aqJ, ‘0’8 Hd ‘I~H-S!.IJ m 
1.0 u! 3~)s ia pazhlaua uaaq say ‘sIla3 ]sam au!boq 30 sa1nua.B 
aums aql II! paz!lwoI-oci am q%qM ‘asa~dh~ au!noq pm (IL& 
Jo)!q!qu! u!sdL) agaamued auyoq 30 uo!$ma]u! aql $mqsqy 
82 L. Fiorucci et (11. IFEBS Letters 363 llVV5) 81-84 
2.5. Data analysis 
The data analysis has been carried out using binding equations ac- 
cording to a linkage scheme [IQ, which has been adapted to the differ- 
ent experimental conditions. Therefore, in the case of BPTI and ben- 
zamidine binding (columns a and c in Table 1) the following general 
equation has been employed 
r= ,F, K,xl(l + K,x). l/n 
where ? is the fraction of free binding sites in the enzyme, x is the 
concentration of free inhibitor and K, is the equilibrium association 
constant to the i site. The digit n corresponds to the number of types 
of binding sites (n = 4 was used for BPTI binding and n = 1 for ben- 
zamidine binding). In addition, the possibility of a cooperative interac- 
tion has been taken into account for the binding of BPTI to bovine 
tryptase (see below), and in this case the following modified version of 
Eq. (1) has been employed (see column b in Table 1): 
r= K,x + K,x + 2K,K,x’ 2 + ‘g K,l(1 + K,x) 1 In 
2(1 f K,x + Kzx + K,K2x2) n (la) ,=3 
where n = 4 and the other symbols have the same meaning as for Eq. 
(I). 
In the case of benzamidine binding to bovine tryptase wherefore the 
two higher affinity sites had been already bound to BPTI (see below and 
column d in Table 1) the following equation has been employed: 
r= K,x + K4x + 2K,K,x2 
2(1 f K+ + K4x + KiK4x2) (lb) 
where the symbols have the same meaning as for Eq. (1) and Kj and 
K4 have been used since indeed the binding constants refer to the sites 
3 and 4 of the BPTI binding process. Analysis of the data was per- 
formed using a Marquardt algorithm. 
3. Results and discussion 
3.1. Binding of BPTI to bovine tryptase 
Steady-state kinetic data on few synthetic substrates for bo- 
vine tryptase did not show any significant deviation from a 
Michaelis-Menten mechanism [7] and the corresponding data 
at 30°C for one of these substrates (i.e. Boc-Phe-Ser-Arg- 
MCA) are reported as a note in Table 1. However, it must be 
pointed out that synthetic substrates, which are usually em- 
ployed for this type of measurements, may not be very suitable 
for detecting fine site-site interactions. In fact, their action is 
mostly influenced by the stereochemistry of the primary speci- 
Table 1 










a b C d 
1.21 x lo* 3.87 x 10’ 5.5 x lo4 
1.21 x 108 3.53 x 108 
2.70 x 10’ 2.29 x lo6 1.53 x lo4 
2.22 x lo4 2.28 x lo4 1.43 x lo6 
Residual activity was measured in all experiments at 30°C in 0.1 M 
Tris-HCl, pH 8.0. 
“The steady state parameters for the interaction of Boc-Phe-Ser-Arg- 
MCA with bovine tryptase at 3O”C, pH 8.0 are as follows: 
K,,, = 9.4x lo-’ M, kc,, = 19.8 s-l, k-,/K, = 2.11 x lo5 M-‘.s-‘. 
*The intrinsic association constants were obtained by non linear least- 
squares curve fitting using Eq. (1) (column a, n = 4, and column c, 
n = I), equation la (column b, n = 4) and equation lb (column d). 
Other details are reported in section 2.5. 
0.4 - 
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free BPTI, M 
Fig. 1. BPTI binding to bovine tryptase. Binding was measured (open 
symbols) as described in section 2. The curves are non linear least- 
squares fits of equation 1 (- --) and of equation la (-) to the experimen- 
tal data (n = 4). The dotted line represents the fitting obtained when 
only two types of binding sites were considered (Eq. (l), IZ = 2). Tryp- 
tase concentration was 5 nM active sites. Experiments were performed 
at 3O”C, in 0.1 M Tris-HCl, pH 8.0. For details see section 2.5. 
ficity site and by the efficiency of the charge-relay system in the 
catalytic triad, which, although crucially important for the en- 
zyme action, represents only a limited portion of the protein 
surface which contributes to the in vivo interaction with macro- 
molecular substrates or inhibitors. Therefore, the study of the 
functional interaction between subunits (and sites) of bovine 
tryptase has been undertaken investigating in a combined fash- 
ion the binding of small synthetic and of large macromolecular 
inhibitors, such as benzamidine and BPTI, the endogenous 
inhibitor co-existing with bovine tryptase in the mast cells gran- 
ules. Our aim was to possibly uncover conformational changes 
of larger portions of the enzyme, even not immediately neigh- 
bouring the active catalytic site. In fact, the wider interaction 
surface of macromolecular inhibitors seems to be more suscep- 
tible of detecting, and of being influenced by, long range ligand- 
linked structural transitions of the subunits. 
Fig. 1 displays the equilibrium binding of BPTI to tryptase 
at pH 8.0, 3O”C, in 0.1 M Tris-HCl, a process which clearly 
appears multiphasic. Such a behaviour can be referred to either 
(i) the presence of multiple types of inhibitor binding sites with 
different intrinsic affinities; or (ii) the occurrence of a negative 
cooperative interaction between sites, such that, after few bind- 
ing sites are occupied by the inhibitor, a conformational change 
takes place, which lowers the affinity of the ligand for the 
remaining binding sites. Indeed, a discrimination between case 
(i) and case (ii) is not easy, even though we can definitely rule 
out any marked intrinsic functional heterogeneity for the pri- 
mary specificity site as well as for the catalytic site of tryptase. 
As a matter of fact, binding of a small synthetic inhibitor, such 
as benzamidine, which only interacts with Asp’** of tryptase 
through its amino group [ 131 and our own unpublished results), 
displays a simple binding behaviour (see open symbols in Fig. 
2 and Table 1, column c), and the same seems to be true for 
the binding of a synthetic substrate (see note in Table 1). There- 
fore, the eventual applicability of case (i) should be referred 
only to variations among the secondary specificity sites con- 
cerning the widespread network of interactions present only 
when a large surface of the enzyme binds a macromolecular 
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Fig. 2. Benzamidine binding to bovine tryptase. Binding was measured 
as described in section 2, in the absence (open symbols) and in the 
presence (filled symbols) of 100 nM BPTI (a concentration inhibiting 
half of the enzyme activity). The curves are non-linear least-squares fits 
of Eq. (I), n = 1 (-) and of Eq. (lb) (---) to open and to filled symbols, 
respectively. The dotted line represents the curve fitting of Eq. (1) 
(n = 1) to the filled symbols. Tryptase concentration was 5 nM active 
sites. Experiments were performed at 3O”C, in 0.1 M Tris-HCl, pH 8.0. 
For details see section 2.5. 
inhibitor. Furthermore, a mechanism involving the degradation 
of inhibitor by tryptase during the process of inhibition can be 
ruled out. In fact, at various inhibitor/enzyme molar ratios, no 
cleavage of BPTI occurred, as we could evaluate from the 
HPLC profile of the incubation mixtures. Under the conditions 
used for the elution of the inhibitor, only one peak correspond- 
ing to unchanged BPTI was detected. 
In view of these considerations, case (ii) may also include the 
possibility that the binding affinity decrease, observed only in 
the case of a large macromolecular inhibitor, might reflect some 
steric hindrance. Therefore, in such a case the close proximity 
of some of the binding sites and the occupancy of one of them 
impair (or weaken) the interaction of the neighbouring site with 
another large inhibitor molecule because of the partial surface 
overlapping of the secondary specificity site. It is interesting to 
recall that very recently Sommerhoff et al. [ 191 have shown that 
LDTI, a Kazal-type inhibitor (46 amino acid residues) isolated 
from the leech Hirudo medicinalis, inhibits only 50% of the 
proteolytic activity of human tryptase, up to a 40 nM inhibitor 
concentration. However, in the light of our data (Fig. l), the 
leech inhibitor concentration used could be not sufficient to 
detect lower affinity sites in human tryptase. 
A closer look of BPTI binding to bovine tryptase indicates 
that the complete description of the functional behaviour re- 
quires the presence of at least four binding sites, two of which 
show high affinity properties, whereas the other two display 
drastically different and much lower affinity constants. Thus, 
the overall curve cannot be satisfactorily fitted with only two 
types of binding sites (using Eq. (l), see dotted curve in Fig. 1). 
As a consequence, the analysis of BPTI binding has been car- 
ried out employing Eq. (1) and (la), either (a) assuming the 
same value for the equilibrium constant of the two high affinity 
sites, or (b) leaving them free to vary (Table 1, column a and 
b). These two cases are reported in Fig. 1 (dashed line for case 
(a) and continuous line for case (b)), and it turns out that a 
somewhat better fitting can be obtained when some cooperativ- 
ity between the two high affinity binding sites is introduced. An 
-9-fold enhancement is found for the second binding constant, 
suggesting a possible interaction energy between the two bind- 
ing sites of -5.5 kJlmo1. However, it must be pointed out that 
the slight scattering of the data puts a fairly large error on this 
estimate, whereas their quality is good enough to confirm the 
occurrence of a four-site functional unit. 
3.2. Binding of benzamidine to bovine tryptase in the presence of 
BPTI 
The presence of binding sites with drastically different affin- 
ity constants in bovine tryptase offers the opportunity to inves- 
tigate the functional properties of intermediate situations, when 
only a fraction of binding sites is occupied by the macromolecu- 
lar inhibitor, such as to possibly detect the existence of confor- 
mational arrangements of the enzyme differing from the totally 
free and the fully saturated molecule. In this respect, we have 
carried out an investigation on the properties of tryptase in the 
presence of a concentration of BPTI, which was enough to 
occupy only the two high affinity binding sites. Strikingly, ben- 
zamidine binding to the two remaining unoccupied binding 
sites shows distinctly different interaction properties (see filled 
symbols in Fig. 2). As a matter of fact, an overall significant 
enhancement of the affinity constant for benzamidine can be 
immediately detected. Furthermore, the analysis of this binding 
behaviour unequivocally shows the occurrence of a very 
marked positive cooperativity between the two binding sites 
with an - lOO-fold enhancement of the affinity constant for the 
binding of the second molecule of benzamidine, underlying an 
interaction energy between the two sites of - 11.4 kJ/mol (Table 
1, column d). 
3.3. Conclusions 
A complete quantitative description of the whole behaviour 
described is not easy and likely impossible at this stage. How- 
ever, we can try to give some hint of possible interaction net- 
works operating in bovine tryptase, and to try some extrapola- 
tions to its in vivo role. 
First of all, a feature which undoubtedly emerges from this 
functional study is the existence of a complex interaction mech- 
anism within a functional unit which can be identified as 
formed by (at least) four binding sites. Within this framework, 
we can envisage the possible existence of a weak positive coop- 
erativity between two sites which is transmitted only through 
a ligand-linked conformational change involving the secondary 
specificity site, since no evidence for such a phenomenon can 
be observed if the ligand binding occurs only at the primary 
specificity site (such as in the case of benzamidine binding). At 
this point, the occupancy of two sites creates a new structural 
situation, wherefore the binding of a third macromolecular 
inhibitor is strongly impaired by a decrease of - 12.6 kJ/mol of 
free energy. However, this effect is likely due to a steric hin- 
drance of the secondary specificity site, since it can be observed 
only for a large inhibitor macromolecule, whereas the affinity 
of the primary specificity site for a small synthetic inhibitor, 
such as benzamidine, (even in the presence of two sites occupied 
by the macromolecular inhibitor) is only weakly affected. The 
existence of a new interaction network at intermediate ligand 
saturation degrees is further demonstrated by the evidence that 
in the presence of half of the sites occupied by the macromo- 
lecular inhibitor there is a strong positive interaction between 
84 L. Fiorucci et al. I FEBS Lerters 363 (1995) 81-84 
the two primary specificity sites, which is not present in the 
absence of BPTI. 
Altogether, it appears that the ligand binding behaviour of 
bovine tryptase displays a complex interplay between positive 
and negative interaction effects, which becomes evident only in 
the presence of extended surface interaction, suggesting a pos- 
sible relevant role in the in vivo interaction with macromolecu- 
lar substrates. Therefore, a detailed quantitative description of 
this peculiar behaviour, even though it is clearly outside the 
purpose of this initial study, may contribute to a deeper com- 
prehension of physiological role of mast cell tryptase. 
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